[1] On the basis of Lagrangian tracer transport simulations this study presents an intercontinental transport climatology and tracer forecasts for the Intercontinental Transport and Chemical Transformation 2002 (ITCT 2K2) aircraft measurement campaign, which took place at Monterey, California, in April-May 2002 to measure Asian pollution arriving at the North American West Coast. For the climatology the average transport of an Asian CO tracer was calculated over a time period of 15 years using the particle dispersion model FLEXPART. To determine by how much the transport from Asia to North America during ITCT 2K2 deviated from the climatological mean, the 15-year average for April and May was compared with the average for April and May 2002 and that for the ITCT 2K2 period. It was found that 8% less Asian CO tracer arrived at the North American West Coast during the ITCT 2K2 period compared to the climatological mean. Below 8-km altitude, the maximum altitude of the research aircraft, 13% less arrived. Nevertheless, pronounced layers of Asian pollution were measured during 3 of the 13 ITCT 2K2 flights. FLEXPART was also successfully used as a forecasting tool for the flight planning during ITCT 2K2. It provided 3-day forecasts for three different anthropogenic CO tracers originating from Asia, North America, and Europe. In two case studies the forecast abilities of FLEXPART are analyzed and discussed by comparing the forecasts with measurement data and infrared satellite images. The model forecasts underestimated the measured CO enhancements by about a factor of 4, mainly because of an underestimation of the Asian emissions in the emission inventory and because of biomass-burning influence that was not modeled. Nevertheless, the intercontinental transport and dispersion of pollution plumes were qualitatively well predicted, and on the basis of the model results the aircraft could successfully be guided into the polluted air masses.
Introduction
[2] During the past couple of years, more and more attention has been directed to the importance of longrange intercontinental transport (ICT) of chemical trace substances for the composition and the chemistry of the atmosphere. In the midlatitudes, fast ICT mostly takes place in warm conveyor belts (WCBs) [Stohl, 2001] , where polluted boundary layer air is lifted into the upper troposphere and rapidly transported over large distances [Stohl and Trickl, 1999; Yienger et al., 2000; Stohl et al., 2002] . As ICT occurs on timescales on the order of a few days to one month, it is most relevant for atmospheric trace gases with a lifetime within this range. For instance, ozone (O 3 ) and some of its precursors like carbon monoxide (CO) being subject to ICT can have a large impact on air quality far away from their source region [e.g., Forster et al., 2001; Wotawa and Trainer, 2000] . Even shorter-lived species like radicals or longer-lived species like some greenhouse gases are influenced by ICT through chemical reactions with other compounds.
[3] In order to document ICT, to identify the chemical and meteorological processes during ICT and to quantify the amounts of the different chemical compounds that are transported, observations and model studies of ICT are necessary. Worldwide, a number of aircraft measurement campaigns like SAFARI and TRACE-A [Andreae et al., 1996] , NARE [Fehsenfeld et al., 1996] , and BIBLE (Y. Kondo, The biomass burning and lightning experiment, IGACtivities Newsletter, 20, 2000) have been performed in recent years. However, most of these field campaigns concentrated on the pollution outflow from continents, while upper tropospheric measurements of trace gases far away from their source region like those of Arnold et al. [1997] were coincidental and rare to date. First measurements of Asian pollutants at the North American West Coast in the middle and lower troposphere have been presented by Jaffe et al. [1999] and Jaffe et al. [2003] . The projects Convective Transport of Trace Gases into the Upper Troposphere over Europe: Budget and Impact on Chemistry (CONTRACE) and Intercontinental Transport and Chemical Transformation 2002 (ITCT 2K2) are among the first aircraft measurement campaigns specifically dedicated to study ICT. The ITCT 2K2 campaign had its base at Monterey (122°W, 37°N), California, and took place between 22 April and 19 May 2002. During 3 of the 13 ITCT 2K2 flights that were performed with the NOAA WP-3D aircraft, measurements were taken in air masses that transported pollution plumes from East Asia to the Pacific coast of North America. One aim of ITCT 2K2 is to characterize the anthropogenic influence from the various continents on the trace gas and aerosol budgets in this region.
[4] The distribution and transport of trace gases and aerosols are greatly influenced by the variability of the meteorological situation. Therefore aircraft measurement campaigns require careful flight planning in order to attain the proposed objectives of the campaign. The flight planning has commonly been supported by numerical weather prediction and trajectory models. These models provide forecasts of the meteorology and the transport, but they do not give any information on the dispersion and dilution of atmospheric trace gases and aerosols. Therefore the idea of employing chemistry-transport models (CTMs) to predict the chemistry and transport of trace gases for the flight planning arose in the early 1990s. The first field campaigns using CTMs as forecast models were ASHOE and SESAME [Lee et al., 1997] , which took place in 1994 -1995, and POLINAT [Flatoy et al., 2000] in 1997, followed by others in recent years (summarized by Lawrence et al. [2002] ).
[5] In this paper, we present forecasts and an ICT climatology for ITCT 2K2 performed with the Lagrangian tracer transport model FLEXPART. In order to have a general idea of the amount of Asian anthropogenic emissions that are transported to the West Coast of North America on a long-term average, we present a 15-year climatology of ICT based on the study by Eckhardt et al.
[2003]. This climatology is an extension of the one-year climatology by Stohl et al. [2002] and represents the first long-term ICT study. The 15-year transport climatology and a simulation of the average transport during April and May 2002 were used to determine by how much the transport during ITCT 2K2 deviated from a climatological mean. In addition, FLEXPART is shown to have been a useful and successful forecasting tool during ITCT 2K2. The advantages of FLEXPART compared to CTMs are discussed and the forecast abilities of FLEXPART are validated and analyzed in two case studies of the ITCT 2K2 campaign.
[6] The paper is organized as follows: The model, its setup, and the aircraft measurement data are described in sections 2 and 3, respectively. The 15-year ICT climatology is presented in section 4, followed by the case studies in section 5. Finally, conclusions are drawn in section 6.
Model Description and Setup

General Description of FLEXPART
[7] All tracer simulations presented in this paper were performed with the Lagrangian particle dispersion model FLEXPART [Stohl et al., 1998; Stohl and Thomson, 1999] (see also http://www.forst.tu-muenchen.de/EXT/LST/ METEO/stohl/), which simulates the transport and dispersion of non-reactive tracers by calculating the trajectories of a multitude of particles. It was used to study the advection of forest fire emissions from Canada to Europe [Forster et al., 2001; Spichtinger et al., 2001] , and during CON-TRACE it captured well the location of North American pollution plumes over Europe, both in the forecasts during the measurement campaign and in the post-analysis simulations .
[8] FLEXPART can be driven by either global modellevel data from the European Centre for Medium-Range Weather Forecasts (ECMWF) [1995] or by pressure-level data from the Aviation (AVN) model of the National Center for Environmental Prediction (NCEP), which are freely available via the internet. Both data sets have a temporal resolution of 3 hours (analyses at 0000, 0600, 1200, and 1800 UTC; 3-hour forecasts at 0300, 0900, 1500, and 2100 UTC) and a horizontal resolution of 1°Â 1°. The AVN data are available on 26 vertical levels between 1000 hPa and 10 hPa, while the ECMWF data have 31 or 60 levels, depending on whether the ECMWF 15-year Re-Analysis (ERA-15) data for the years 1979-1993 [Gibson et al., 1999] or ECMWF operational data are used (see below). FLEXPART parameterizes turbulence in the boundary layer and in the free troposphere by solving Langevin equations [Stohl and Thomson, 1999] . The tracer concentrations on a three-dimensional output grid are determined by summing up the mass fractions of all particles located in an output grid cell and dividing them by the grid cell volume. To obtain the mass fraction of each particle and each grid cell in an efficient way, a uniform kernel method is used. Details on this method are described by Stohl et al. [1998] , who found that on average it performs similar to other methods to calculate tracer concentrations. In order to avoid artificial smoothing of concentration fields near the source, the uniform kernel is not used during the first 3 hours after a particle's release. Although the ECMWF and the AVN data reproduce the large-scale effects of convection, they do not resolve subgrid-scale convective cells. In order to account for subgrid-scale convection the ECMWF version of FLEXPART was recently equipped with a convective parameterization scheme [Emanuel and ivkovi-Rothman, 1999; Emanuel, 1991; Seibert et al., 2001] , which is based on the buoyancy sorting principle [Raymond and Blyth, 1986] . The scheme calculates the convective tendencies of the resolved-scale temperature and humidity. In addition, the tracer particles in FLEXPART are sorted on a uniform grid, and in each convectively active grid cell the particles are randomly displaced in the vertical according to a mass redistribution matrix provided by the convection scheme. The AVN version of FLEXPART is not yet equipped with a convection scheme, but it accounts for convection by randomly redistributing particles within two or more vertical layers, if the temperature profile between these layers is conditionally unstable.
Model Setup
[9] For the ICT climatology, for the transport simulation for April and May 2002 and the forecasts, we simulated the transport of anthropogenic CO tracers on the basis of the EDGAR 1990 emission inventory [Olivier et al., 1996] on a 1°Â 1°grid (Figure 1 ). No CO background was simulated. Chemical processes that occur during long-range transport and that are not explicitly calculated, were roughly accounted for by assuming an e-folding lifetime of CO of 36 days.
Setup of the Climatology Runs
[10] The ICT climatology presented here relies on the climatology by Eckhardt et al. [2003] , who calculated the transport of six anthropogenic CO tracers for the various continents over a time period of 15 years on the basis of the ERA-15 wind field data. In the present study we focus on the Asian tracer. Every month during the 15-year period, 500,000 particles were released from Asia between the surface and 400 m above ground. The number of particles released in a grid cell was determined by scaling the emissions in that cell relative to the total emissions from Asia. Each particle carried a time flag and the emitted mass of CO. It was simulated over 50 days by accounting for convection and then was dropped from the simulation, i.e., after a spin-up of 50 days about 820,000 particles were permanently carried in the model simulation. The output was organized according to different age classes so that fast transport could be distinguished from slow transport.
[11] In order to be comparable to the ICT climatology, the average transport during April and May 2002 was modeled with the same setup as the ICT climatology. One exception is the wind field data, which were replaced by the ECMWF operational analyses for the corresponding time period.
Setup of the Flight Planning
[12] The flight planning during ITCT 2K2 relied on AVN-data-based 3-day forecasts of CO tracers with FLEXPART, forward and backward trajectory forecasts, meteorological forecasts (geopotential height, potential vorticity, etc.) and GMS-5 and GOES-West satellite images (described in more detail by Cooper et al. [2004] ). All these products were organized on Web pages. In addition, other institutes provided forecasts with CTMs, which are not described here.
[13] The forecast products presented in this paper were updated every 6 hours as soon as the most recent AVN model data became available. The procedures of transferring the AVN data to our institute, running the model simulations, and producing the graphical output were organized in a way that all the products were available within about 5 hours. This is much shorter than the time CTMs need to produce forecasts, as CTMs calculate the complex chemistry of many compounds while FLEXPART simulates the transport only and treats chemistry in a simple way by assuming a lifetime of the simulated species. The short processing time to produce our products allowed a more frequent update, namely 4 times a day, than is possible with CTMs, which could update their forecasts only once or twice a day. Thus our products were available about 8 hours earlier than the corresponding CTM forecasts, and FLEXPART can be regarded as a compromise between simple trajectory calculations and complex CTMs that makes best use of available computer hardware.
[14] FLEXPART forecasts were performed for three different anthropogenic CO tracers originating from North America, Europe, and Asia. In the simulations only particles younger than 20 days were carried. This is assumed to be a timescale over which transport from Asia to North America can be reasonably well predicted and over which pollution plumes keep a distinct signature without being mixed entirely into the hemispheric background. Each day, 100,000 particles were released over North America, Europe, and Asia, such that after a 20 day spin-up of the model about 2 million particles were permanently carried in the model simulation. Two tracer age classes (0 -10 days and 0 -20 days) were used for the ITCT 2K2 flight planning to give an idea whether the target air mass contained relatively fresh or aged pollution.
Aircraft Measurement Data
[15] During ITCT 2K2 the WP-3D aircraft was equipped with a suite of instruments to measure a variety of chemical species and aerosol particles. Here we compare forecast CO tracer with measured CO, NO and total reactive oxidized nitrogen species (NO y ). These were all measured as 1-s averages, which correspond to approximately 100 m horizontal resolution and better than 10 m vertical resolution during ascents and descents. CO was measured by a vacuum UV fluorescence instrument similar to that described by Gerbig et al. [1999] . Holloway et al. [2000] describe the operation of the instrument including the calibration and zeroing procedures. The 1-sigma precision of the results was better than 1 ppbv, and the accuracy was within 2.5%. NO and NO y were measured simultaneously with a O 3 -NO chemiluminescence instrument. The NO y species were converted to NO by Au catalyzed reduction by CO at 300°. Ryerson et al. [1999 Ryerson et al. [ , 2000 describe the zeroing, calibration and data reduction procedures. The total uncertainties of these measurements were ±(0.010 ppbv + 5%) for NO and ±(0.015 ppbv + 10%) for NO y .
ICT Climatology for ITCT 2K2
[16] Results from the FLEXPART climatology simulations are displayed in Figure 2 , which shows how much Asian CO tracer arrives on average at the North American West Coast throughout the year. Displayed is only tracer with ages younger than 20 days, which corresponds to the maximum tracer age that was used in the forecasts during ITCT 2K2. During winter (Figure 2a ), spring ( Figure 2b ) and fall ( Figure 2d ) there is a tracer maximum in the lower and middle troposphere between 25°N and 50°N. During summer and early fall the general flow over the Pacific is often dominated by a surface anticyclone over the central Pacific. The flow is slow, and the CO tracer is reduced during transport because of its lifetime. Therefore, after 20 days only a small quantity of tracer arrives in the lower troposphere (Figures 2c and 2d ). The tracer maximum is located at higher altitudes, as Asian emissions are preferentially lifted to the upper troposphere by convection and WCBs and transported rapidly because of the faster wind speeds there. Note that because of the faster transport at high altitudes the tracer maximum is always in the upper troposphere for timescales on the order of 10 days. The tracer maximum then progressively descends for longer timescales . Transport from Asia is lowest in August (Figure 3 ), while it is most pronounced in spring (Figures 2b and 3 ). Thus the ITCT 2K2 measurement campaign took place at a time when transport from Asia is largest on a climatological mean. Monterey at 37°N is located very close to the latitude of the tracer maximum ( Figure 2b ).
[17] Figure 4 shows a comparison between the Asian CO tracer at 125°W for April and May averaged over 15 years and based on ERA-15 data, and April and May 2002 based on the ECMWF operational data. In April 2002 the tracer maximum was located lower and farther south than on the climatological mean (Figures 4a and 4c ), but the tracer amount corresponded almost exactly to the 15-year average ( Figure 3 ). This is also the case for altitudes only below 8 km, which is the maximum altitude of the WP-3D aircraft. However, in May 2002, when 10 of the 13 ITCT 2K2 flights took place, the highest tracer concentrations are located a little farther north and at higher altitudes compared to the climatological mean (Figures 4b and 4d ). 11% less Asian CO tracer was transported to North America (Figure 3) , which was most likely due to the less pronounced transport at higher latitudes (Figures 4b and 4d ). Below 8 km even 18% less Asian CO tracer arrived at the North American coast (Figure 3 ), as the tracer maximum was located above this altitude (Figures 4b and 4d ). During ITCT 2K2 more heavily weights the average transport in May, as the major part of the campaign took place in May. Compared to the 15-year average, during ITCT 2K2 8% and 13% less Asian CO tracer arrived at the North American West Coast between 0 and 17 km and between 0 and 8 km, respectively (Figure 3) . Nevertheless, pronounced Asian pollution layers were encountered during 3 (on 5, 10, and 17 May 2002) of the 13 ITCT 2K2 flights. Two of them are discussed in section 5.
[18] We cannot exclude that part of the differences we found between the transport patterns during ITCT 2K2 and the 15-year climatological mean is due to differences between the ERA-15 and the ECMWF operational data set. The ERA-15 data have 31 levels, while the ECMWF operational data have 60 levels and are based on a different meteorological model. However, we assume that the differences between the two data sets are considerably smaller than the interannual differences in the meteorology and have only little impact on our results.
[19] ICT may be influenced by climate-relevant synopticscale phenomena such as the Pacific North American (PNA) pattern and the Southern Oscillation (SO). The PNA is a quadripole pattern of 500 hPa geopotential height F anomalies over the southeastern United States (R1), south of the Aleutian Islands (R2), in the vicinity of Hawaii (R3), and over central Canada (R4) , where the PNA index = 0.25 and Gutzler, 1981] . A negative PNA index is related to positive (negative) F anomalies over R1 (R3) and R2 (R4). During May 2002 the PNA pattern was in a strongly negative phase (PNA index = À1.6), which was accompanied by a weak-ening of the East Asian jet stream [Climate Prediction Center (CPC), 2002]. The weaker East Asian jet stream may be the reason why less Asian pollution was transported to the North American West Coast during May 2002 compared to the climatological mean. However, a correlation analysis (method described in more detail by Eckhardt et al. [2003] ) between the Asian tracer of the ICT climatology simulations and the PNA index revealed that the PNA pattern and the Asian tracer are not significantly correlated along the North American West Coast during all seasons. A negative PNA pattern is, therefore, not necessarily related to reduced ICT over the North Pacific. A similar result was obtained for the SO index, which is the sea level pressure anomaly between Tahiti and Darwin [Ropelewski and Jones, 1987] . The correlation of the SO index and the Asian tracer at the North American West Coast was not significant during spring, implying that the SO index of À2.0 during May 2002 was not related to the reduced ICT over the North Pacific. CO mixing ratios exceeded 300 ppbv during this flight. These values are even higher than the maximum CO value measured downwind of North America during all flights of NARE in spring 1996 [Cooper et al., 2002] .
[21] Figure 5 gives an overview of the meteorological situation a few days before and on the day of the flight. The analysis of the geopotential height at 500 hPa on 2 May at 1200 UTC (Figure 5a) shows three low-pressure systems in the Pacific and North American region: one just south of Kamtschatka, which extended northeastward to the Bering Sea and had a second core there, a second one over northern Canada and a cut-off cyclone over the Pacific at 40°N and 160°W. Such cut-off cyclones occurred commonly during the ITCT 2K2 campaign and redirected the transport across the Pacific. The low over northern Canada was separated from the low near Kamtschatka by a ridge over Alaska. This situation favored a strong flow, which is characterized by the high density of geopotential height lines south of the two northern lows and around the ridge. The flow almost followed a great circle route, i.e., the shortest way between Asia and North America providing good conditions for fast transport of air masses between these two continents. The situation did not change much over several days. This can be seen in the 500 hPa geopotential height analysis on 5 May at 1200 UTC, the day of the flight ( Figure 5b) .
[22] In the following figures, different forecast times are shown, since different forecasts times were used to plan the flight. The flight route was outlined two days before the flight and subsequently optimized using updated forecasts. Final flight path modifications were made using the 0000 UTC forecast on the day of the flight.
[23] How an Asian pollution plume was predicted to travel to North America in the period before 5 May 2002 is illustrated in the left column of Figure 6 , showing FLEXPART forecasts of the total column Asian CO tracer from 2 May at 1200 UTC. Generally, there were small amounts of CO tracer in the centers of the above described low-pressure systems indicating no recent emissions there. Most of the pollution was located south of the two northern lows and in the ridge. The 12-hour forecast (Figure 6a) shows an Asian CO tracer plume with a maximum south of the cyclone near Kamtschatka. It was predicted that the plume would be transported from this position to southern Alaska (Figure 6b) , and on to the West Coast of North America (Figures 6c and 6d) within about 60 hours, with arrival there on 5 May at flight time. A comparison with combined GMS-5 and GOES-West satellite images at the corresponding times (right column of Figure 6 ) shows that the plume was initially located ahead of the cyclone near Kamtschatka in the cold-frontal cloud band (Figures 6a and 6e) , which was part of the cyclone's WCB [Browning, 1990] . The origin and life cycle of this WCB are discussed in detail by Cooper et al. [2004] , who found that the WCB developed over Japan on 30 April and that the pollution transported in the WCB had a wide range of source regions. 18 hours later (Figures 6b and 6f ) part of the plume was still located in the cloud-band and part of it was even ahead of the cloud-band, but still within the warm sector of the cyclone. The plume moved on over southern Alaska and subsequently traveled toward the North American West Coast within the next 18 hours (Figures 6c and 6g) . The fronts were no longer identifiable at this stage, as the associated cyclone was already near the end of its life cycle. The cloud band was rounding the ridge over southern Alaska. Ahead of the ridge in the outflow of the WCB the clouds partly evaporated, as there was descending motion in this region [Cooper et al., 2004] (compare Figures 6g and 6h) . On 5 May part of the pollution plume was still within the clouds, but its maximum was located south of them (Figures 6d and 6h) . Overall, the location and movement of the CO tracer plume coincided quite well with the cloud structures on the satellite images. Note that we compared the transport patterns visible in the FLEXPART forecasts and in the satellite images already during the forecasting process in the field. This gave us confidence in the model forecasts and played an important role for the flight planning.
[24] On the basis of the forecasts the flight track from 5 May 2002 was planned to cover the region between 33°N and 44°N over the Pacific Ocean along the North American West Coast with take-off and landing at Monterey (Figure 7) . The aim of the flight was to measure the predicted pollution plume from Asia as well as relatively clean air masses in order to have an idea how the plume differs from ''clean'' background air with regard to the chemical composition. Several vertical profiles were flown and the aircraft ascended and descended to probe the vertical extent of the polluted layer. A part of the flight track followed 125°W, the longitude along which a cross section of the CO tracer forecast at flight time is shown in Figure 8a . According to this forecast the maximum of the polluted layer was located between 30°N and 40°N, and between 5-and 10-km altitude. For comparison the measurements along the flight track are shown in Figure 8b . Enhanced CO values and the most pronounced CO enhancements were measured about 1 km lower than in the forecast, but the latitudinal location and the vertical slope of the polluted air mass were well predicted. Unfortunately, the upper edge of the pollution plume at around 35°N could not be explored, as the aircraft cannot reach a higher altitude than 8 km.
[25] Although there is a good qualitative agreement between the forecasts and the measurements, the model clearly underestimates the CO enhancements. Assuming a CO background of around 110 ppbv, a value that was measured in air masses outside of the pollution plume, the measurements within the plume show elevations above the background of 90-190 ppbv, while FLEXPART has predicted only 30 -40 ppbv enhancements. This quantitative discrepancy can be traced back to several reasons. First, acetonitrile measurements indicate that a part of the CO enhancements in the plume are due to biomass-burning emissions [de Gouw et al., 2003 ], which were not modeled with FLEXPART. In addition, the correlation of CO 2 versus CO measurements show a steep CO to CO 2 slope within the plume implying less efficient combustion as is characteristic for biomass burning. Second, the emissions from the EDGAR 1990 inventory may not be up-to-date. The emissions of Asian CO in the EDGAR 1990 inventory are lower by about 30% than in the EDGAR 1995 inventory [Olivier and Berdowski, 2001] , and inverse modeling in combination with observations have shown that CO fluxes from Asia in 1990 are underestimated by almost a factor of 2 [Pétron et al., 2002] . Third, in FLEXPART a constant lifetime of 36 days for CO was assumed. However, the lifetime of CO is shorter at lower latitudes than at higher latitudes, and in the 5 May case transport from Asia occurred at high latitudes and in a cloudy WCB, where the CO lifetime is longer. The pollution transport in the 5 May case took about 7 days, i.e., assuming a CO lifetime of, e.g., 3 months, about 11% more Asian CO tracer would have been predicted by FLEXPART. Fourth, the transport of each particle in the model was capped after 20 days, which is rather artificial, but necessary to predict transport reasonably well. Usually several cyclonic systems and their WCBs are involved in the trans-Pacific transport [Hoskins and Hodges, 2002; Cooper et al., 2004] , which leads to mixing of air masses of different origin and age. The measured plume may be a mixture of fresh pollution with an age of a few days and older pollution that was transported longer than 20 days and therefore no longer simulated in the model forecasts. Finally, except for interpolation errors and errors in the parameterization schemes a tracer transport model always relies on the accuracy of the wind field data it uses. Only few profile measurements are performed over the Pacific; that is, the AVN wind field analyses and forecasts over the Pacific depend more on the assumptions made in the AVN model than is the case over land. Studies like those of Langland et al. [1999] and Szunyogh et al. [2000] showed that wind field analyses and forecasts can be improved by targeted dropsonde observations over the Pacific, especially in regions of high baroclinicity. Such additional measurements were not made during ITCT 2K2.
[26] In Figure 9 , the FLEXPART forecasts from 5 May 2002 0000 UTC for the European, the North American and Asian CO tracers along the flight track are compared to the aircraft measurement data of CO, NO y , and NO. Only very weak influence of the European tracer is predicted for the whole flight (Figure 9a) . The North American tracer shows peaks of relatively young age (0 -5 days) during take-off and landing at Monterey and is aged (15 -20 days) and very low during other times of the flight (Figure 9b ). In contrast, the Asian CO tracer is elevated almost all the time (Figure 9c ). This suggests that Asian pollution travels along diverse pathways across the North Pacific, creating an almost ubiquitous ''background'' upon which individual distinct plumes are superimposed. Most of the tracer is between 10 and 20 days old, but part of it is younger than 10 days, especially during the second half of the flight, indicating fast transport over the Pacific. Overall, the locations of the increases and decreases seen in the measured CO match quite well with those of the forecasts. For instance, when the aircraft descended into the marine boundary layer at around 2130 UTC, the measured CO and the forecasted CO tracer have both minima. Also between 2330 and 2355 UTC both measured and predicted CO values are very low. Most of the time, the measured NO y enhancements correlate with the enhancements in CO (Figure 9b ). Except for take-off, landing and one peak at 2130 UTC NO is very low (Figure 9b ), which implies that NO x has been oxidized to other species of the NO y family and confirms a tracer age of several days. The peak of NO and NO y at 2130 UTC occurs when the aircraft measured fresh ship emissions in the marine boundary layer. During the first half of the flight Asian CO tracer enhancements of about 10-20 ppb are predicted by the model. Assuming a background value of about 110 ppb these values are in good agreement with the enhancements seen in the CO measurements. However, again it is evident that for the reasons mentioned above, the model clearly underestimates the CO enhancements during the second half of the flight, especially between 2230 and 2330 UTC and between 2355 and 2430 UTC. In addition, within this time period there is a slight temporal shift between the peaks in the measured CO and NO y curves and the peaks in the modeled Asian CO tracer. Comparison of the aircraft altitude and the measured and modeled CO peaks indicate that the measurements find the pollution layer about 1 km lower than predicted by FLEXPART. A correlation analysis between the measured CO and the modeled Asian CO tracer revealed a correlation coefficient of r = 0.54.
Flight on 17 May 2002
[27] Another flight that intercepted pronounced layers of Asian pollution took place on 17 May 2002. The synoptical situation a few days before the flight is displayed in Figure 10 . Two low-pressure systems were located over the north western and north eastern Pacific. South of these systems the geopotential height contours were almost parallel to latitudes around 30°N to 40°N. Transport along these latitudes occurred more slowly than in the 5 May case, as the geopotential height contours were less dense and therefore the flow was weaker (compare Figure 5) . In addition, the distance the air masses travelled before arrival at the North American West Coast was much longer, as the pathway did not follow a great circle route. Thus the Asian pollution plumes encountered during the flight on 17 May had spent more time over the Pacific. Figure 11 shows the 54-hour forecast of the total column CO for the Asian tracer from 15 May 2002. Overlain are the geopotential height contours. As the transport from Asia to North America is slow, only patches of Asian pollution between 30°N and 40°N are predicted off of the North American West Coast.
[28] According to the tracer forecast the flight was planned to explore these patches of Asian air masses. The WP-3D aircraft flew from Monterey at different altitudes over the Pacific to about 30°N and 130°W (Figure 12 ). It then returned near the same path, flew two profiles over land shortly before 0000 UTC and at 0030 UTC, and then returned to Monterey.
[29] The North American and Asian CO tracer forecasts interpolated to the flight track in comparison with the CO measurements during this flight are displayed in Figure 13 . North American influence was predicted for take-off and landing, and at low altitudes of the profiles flown over land (Figure 13a ). The CO measurements (Figure 13b) show enhancements at the same times as the model, and assuming a background of about 110 ppbv, model and measurements agree even quantitatively. One exception is the peak at around 0030 UTC, where the model underestimates the CO enhancements by about 30-70%. A possible reason for this quantitative difference may be that the aircraft has measured local emissions that are not resolved at the 1°Â 1°resolution in the EDGAR 1990 inventory. The Asian tracer is very aged (15 -20 days) during most times of the flight (Figure 13b) . Here, the CO enhancements are underestimated by a factor of about 4. Apart from the facts that the Asian emissions in the EDGAR 1990 inventory may be too low and that biomass burning may have an important influence, a substantial part of the air mass in the plume may be older than 20 days, a transport time that was not modeled in the FLEXPART forecasts. However, keeping in mind the long transport time and that the model cannot reproduce the fine-scale variability of the measurements, the tracer peaks correlate well with the peaks seen in the measured CO. Examples are the peaks at 2000 UTC, shortly before 2030 UTC and at 2100 UTC. The large CO elevations at around 2245 UTC are also reproduced by the model, although the model predicts them near 4-km altitude, which is about 1 km higher than they were measured. The correlation coefficient between the measured CO and the modeled Asian plus North American CO tracer was r = 0.38 for this flight. As North American emissions contributed to a substantial part of the measurements, the correlation between the measured CO and the Asian tracer alone was significantly lower.
Summary and Conclusions
[30] By using the particle dispersion model FLEXPART we presented an ICT climatology and forecasts for the ITCT 2K2 measurement campaign, which took place at Monterey, California, during April -May 2002. For the climatology the transport of an Asian CO tracer was simulated over a time period of 15 years (1979 -1993) and the results for the months April and May were compared to the average transport during April and May 2002 and during the ITCT 2K2 period. It was found that on a climatological mean the transport of Asian CO tracer to the North American West Coast has a maximum in spring and a minimum in August. While April 2002 was an average month with regard to ICT from Asia to North America, 11% less Asian CO tracer arrived at the West Coast of North America between 0-and 17-km altitude in May 2002 than on the 15 year average. Even 18% less arrived between 0 and 8 km, the maximum altitude the WP-3D research aircraft can reach. During the 4-week ITCT 2K2 campaign, which took place partly in April and partly in May, 8% and 13% less CO made it to the West Coast of North America between 0-and 17-km and between 0-and 8-km altitude, respectively, compared to the 15-year average. Nevertheless, pronounced Asian pollution plumes were measured during three of the 13 ITCT 2K2 flights.
[31] The flight planning during ITCT 2K2 partly relied on FLEXPART tracer forecasts for three separate CO tracers originating from North America, Europe and Asia. As FLEXPART simulates transport only and accounts for chemical processes in a simple way by assuming a CO lifetime of 36 days, it has a short processing time compared to CTMs. This allows an update of the forecasts 4 times each day, which is twice as frequent as the forecast updates that could be done with CTMs. In addition, FLEXPART has a finer resolution (1°Â 1°) than CTMs and does not suffer numerical diffusion. The forecast abilities of FLEXPART were validated and analyzed in two case studies, one considering fast ICT on a timescale of 7 days and another considering slow transport on a timescale up to 20 days. In the first case, we showed how FLEXPART predicted a pollution plume travelling from Asia to the North American West Coast in a WCB within a few days. The total column CO tracer forecasts coincided quite well with the cloud features in this case, confirming that the pollution was transported in the WCB. In addition, the forecasts were compared to CO measurements taken during the flights. In both case studies presented here the location and time of the CO plume predicted by FLEXPART matched quite well with those of the measurements, although the model substantially underestimated the measured CO enhancements.
[32] The quantitative disagreement between modeled and measured CO enhancements may have implications on the total amount of CO that is transported from Asia to North America in the ICT climatology presented here. It is likely that substantially more Asian CO tracer crosses the Pacific on average than the climatology shows. However, this will not change our finding that during ITCT 2K2 less CO was transported from Asia to North America than on the climatological mean. The numbers we found are relative numbers and are therefore not affected by a change in the total amount of CO.
[33] Note that during the CONTRACE aircraft measurement campaign, where North American pollution plumes were intercepted over Europe, the FLEXPART forecasts predicted the pollution plumes not only qualitatively, but also quantitatively . The fact that the forecasts during ITCT 2K2 were not as good as those during CONTRACE can be traced back to several reasons. First, for the 5 May 2002 flight acetonitrile measurements [de Gouw et al., 2003] and the steep slope found in the CO versus CO 2 correlation within the pollution plume indicate that biomass-burning emissions substantially contributed to the CO enhancements. Second, the EDGAR 1990 inventory used here might underestimate the Asian emissions. Third, the assumed CO lifetime of 36 days in the model might have been too short. Fourth, transport over the Pacific is more complicated and over greater distances than the transport over the Atlantic. While usually one cyclone with its WCB is involved in the trans-Atlantic transport, at least two cyclonic systems are involved in the trans-Pacific transport [e.g., Cooper et al., 2004] , as it is typical that two storm tracks exist over the Pacific [Hoskins and Hodges, 2002] . The transport times are much longer over the Pacific than over the Atlantic and air masses mix with other air masses of different origin and age while they travel from one cyclone to another. Finally, the transport model simulations rely on the accuracy of the wind field data on which they are based. As there are only few profile measurements over the Pacific, the wind field data may be less accurate than in other regions. All these facts make transport modeling from Asia to North America difficult. Nevertheless, during ITCT 2K2 FLEXPART predicted the pollution plumes qualitatively well, and on the basis of these forecasts the research aircraft could successfully be guided into the polluted air masses. 
